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Abstract 
The large-scale development of carbon geological storage requires the safety demonstration of this technology. The European 
Directive on the geological storage of carbon dioxide specifies the safety strategy to be adopted. Notably, a corrective measure
plan is required in order to mitigate the potential “significant irregularities”. In this paper, we describe one measure that could be 
applied in case of an unexpected abnormal behavior of the gas plume (e.g. leakage of CO2). The objective is to trap the mobile 
gaseous CO2 as quickly as possible; among all the trapping mechanisms occurring after CO2 injection, capillarity trapping is the 
fastest and we then focused on its enhancement and improvement. The intervention strategy consists in injecting brine through 
the former CO2 injection well in order to accelerate the wetting of the CO2 plume. We run simulations through a 1D-axisymetric 
model in order to evaluate the efficiency of such a measure; the results are sensitive towards brine injection rates and other site-
specific key parameters but, in any case, the measure set-up leads to a rapid immobilization of the gaseous CO2 in comparison 
with a simple relaxation. The consequences of the pressure build-up in terms of hydraulic and mechanic risks are not critical in
the base case simulation conditions and thus do not compromise the applicability of the corrective measure. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
In addition to non-emitting and renewable energy production among others, carbon dioxide capture and storage 
(CCS) is considered as a tool to ensure the necessary decrease of CO2 anthropogenic emissions [1]. Regarding the 
geological storage stage and the storage capacity needed to develop at a large scale, saline aquifers offer good 
potentials [2]. Its industrial development in those formations is above all conditioned by its safety demonstration [3]. 
A comprehensive strategy should then be adopted, made up of a risk assessment, a monitoring plan and a corrective 
measures plan as stated by the European Directive on the geological storage of carbon dioxide [4]. 
Several modes of trapping take part in the confinement within saline aquifers: as a gas phase, the buoyant CO2 can 
be trapped under an impermeable cap rock (structural trapping, e.g. [5]) or disconnected from the main cluster and 
immobilized due to capillary forces (residual trapping, e.g. [6]); dissolved in brine, it can be trapped in the aqueous 
phase (solubility trapping, e.g. [7]) before reacting with rocks and precipitating (mineral trapping, e.g. [5], [8]). 
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These trapping mechanisms occur under specific conditions (notably geological, hydraulic and chemical) and over 
different time scales. Structural trapping is not sufficient to prevent migration of CO2 in case of cap-rock anomaly 
for instance [9]. The injection strategy will therefore consist in optimizing safer modes (residual, solubility and 
mineral trapping) as a preventing measure to mitigate the risk ([10], [11], [12]). 
In this article, we propose to investigate the feasibility of such an injection strategy from a risk management 
perspective i.e. applied as a corrective solution. The objective is indeed to study the feasibility and the effects of 
injecting brine directly into the storage formation in order to force the gaseous CO2 trapping in case of significant 
“irregularities” detected at the reservoir level. We focus on the residual trapping as it has been shown as the fastest 
mode of trapping (e.g. [12], [13]). This intervention procedure should be set-up before closing and abandoning the 
storage site or before undertaking actions necessary for the CO2 injection resumption. Such actions can be deployed 
either to prevent the leak at the caprock level (e.g. through the modification of the hydraulic properties, [14]), at the 
wellbore level (e.g. [15]) or at the overlying aquifer level (e.g. [16]). 
2.  Capillary trapping and hysteresis: mechanisms, models and application to CCS 
Multi-phase flow modeling implies the use of characteristic curves describing the interactions between the 
different phases. They represent the evolutions of both capillary pressure and relative permeabilities. In a first 
approach, the capillary pressure and relative permeabilities are functions of the saturation only (e.g. van 
Genuchten[17], Brooks & Corey [18]). However, the saturation history has an influence as well: in other words, a 
hysteretic phenomenon occurs. For instance, in a two-phase flow, two different stages occur as the non-wetting 
phase (e.g. gas) displaces the wetting one (e.g. liquid) (known as the drainage) or as the wetting phase moves the 
non-wetting one (known as the wetting or as the imbibition). When a change of process happens, e.g a drainage 
stage followed by a wetting stage, a part of the non-wetting phase will remain trapped and the characteristic curves 
will follow a path that is different from the drainage one (an example is given in Figure 1). These are the 
consequences of displacement phenomena taking place at the pore scale like snap-off and bypassing and resulting in 
immobile pore-scale droplets of gas disconnected from each other (please refer to [19] for precisions). 
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Figure 1: Evolution of the non wetting phase relative permeability during drainage and wetting; two different flow-reversal saturations are 
represented (Slr: residual liquid saturation; Sgr1: residual gas saturation for the turning point 1; Sgr2: residual gas saturation for the turning point 
2; Sgrmax: maximum residual saturation) 
A model developed by Land [20] for describing the saturation of trapped phase and widely used in the literature 
concerns the non-wetting phase during the wetting stage; it gives the residual non-wetting phase saturation (Sgr) as a 
function of the wetting phase saturation at the flow-reversal (Sl) and of material properties (wetting (Slr) and 
maximum non-wetting (Sgr max) residual saturations):  
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Spiteri et al. [21] developed a new trapping model in order to extend the applicability of Land’s model [20] to all 
ranges of wettability conditions. Several hysteresis models have been built based on Land’s trapping model [20]; 
amongst whom are Carlson’s [22], Parker & Lenhard’s [23] and Lenhard & Parker’s [24]. They use non-hysteretic 
relative permeability and capillary pressure models and give the characteristic curves for both drainage and wetting. 
When injecting supercritical CO2 (gas-like, non wetting phase) into saline aquifers (brine, wetting-phase), the 
brine is drained by the CO2 (the liquid saturation decreases). When the injection stops, according to the driving 
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forces coming into play, some parts of the initial plume will experience a wetting stage while others will continue 
being in the drainage stage. When imbibition occurs, the gas saturation decreases until a residual gas saturation 
(calculated for instance with Land’s model [20]) that corresponds to the amount of CO2 that is trapped and 
immobilized. Furthermore, the characteristic curves evolve differently for this stage than what they do for the 
wetting stage because of the hysteresis phenomenon (see Figure 1). 
3. Model set-up and parameters 
We consider a homogeneous reservoir, laterally infinite-acting (with a lateral extent of 100 km) and 100 m thick, 
centered around a vertical injecting well that fully penetrates the aquifer. CO2 is injected in the porous media 
(initially completely saturated with native brine) through the well at an industrial rate (1Mt per year). The properties 
and initial conditions are given in Table 1; most of them come from Pruess and Spycher’s radial flow model [25] 
and are likely to represent the conditions in a 1200 m depth aquifer, with a low salinity in our case. 
Table 1: Initial conditions chosen in the simulations 
Initial pressure Initial temperature  Porosity Initial salinity Permeability 
120 bars  45 °C 0.12 20 g.l-1 10-13 m2
In this paper we describe a corrective measure that could be taken in case of an irreversible abnormal behavior 
occurring after one year of gas injection (e.g. CO2 escaping from the storage aquifer). The measure would consist in 
injecting brine through the former CO2-injection well directly after the stopping of the injection. The objective of the 
intervention is to enhance and accelerate gas trapping, i.e. to immobilize CO2 by forcing the wetting process. 
The multiphase fluid flow transport code TOUGH2 [26] with the EOS module ECO2N [27] was used for the 
simulations of this 1D axisymmetric case. In order to take into account the hysteretic phenomena, the program 
iTOUGH2 [28] was run with an included hysteresis module (see [29], [30]). Land’s trapping model is considered 
with hysteretic characteristic functions derived from van Genuchten’s capillary pressure function [17] and based on 
Lenhard and Parker’s relative permeabilities functions [24]. More information can be found in [31]. Please note that 
gravity processes (between phases and within the aqueous one) are not taken into account regarding the thickness 
(100m) of the considered aquifer layer compared to its lateral extent of 100 km. Besides, considering the time scales 
involved in the simulations (a few years), slow processes such as diffusion and geo-chemical reactions with rock are 
neglected. 
4. Base case: observed phenomena and global balance 
We model the injection of brine at a rate of 20 kg.s-1 (around 72 m3.h-1) after the end of one year of CO2 injection 
and compare it to the simple relaxation case (over the same time period, i.e. one year). The parameters used to 
compute the characteristic curves (with hysteresis) are presented in Table 2. 
Figure 2 shows the gas saturation as a function of the distance from the injection well (located at 0 m) after four 
months of brine injection. Several regions can be identified (see Figure 2): (1) the gaseous CO2 that was previously 
trapped has been totally dissolved; (2) the CO2 in gaseous phase is totally trapped. The residual gas saturation is 
slightly higher than the real gas saturation due to dissolution of trapped CO2; (3) the gaseous phase is either trapped 
or free. The injected brine already reached this zone (wetting is occurring) but there is still free CO2 that is not yet 
swept along the flow, which means that the gas saturation is decreasing with time but has not reached its final 
residual value; (4) the CO2 in gaseous phase is either trapped or free. The gas saturation is still increasing with time, 
the drainage continues; (5) that region is still totally made of native brine. 
An instantaneous equilibrium is assumed in two-phase regions (2), (3) and (4) between aqueous (CO2-saturated 
brine) and gaseous (H20-saturated gas). Several fronts can be highlighted: the dissolution front (transition (1)-(2)), 
the trailing edge of the free gaseous CO2 plume ((2)-(3)), the advancing brine front (transition (3)-(4)) and the 
advancing CO2 front (transition (4)-(5)).  
Using a modified fractional-flow theory that takes into account water and CO2 mutual solubility in both phases, 
Noh et al. (2007) defined similar regions on saturation profiles representing a water injection following a gas 
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injection, at the exception of a dry gaseous phase zone present at the trailing edge of the gas plume. We can actually 
notice (Figure 2) that after four months of brine injection, there is not such a zone but only a two-phase region 
((2)+(3)+(4)) between two aqueous regions ((1)+(5)). This is due to the short duration of this dry region [32], the 
front upstream (where CO2-saturated water is displacing dry CO2) being much faster than the downstream one 
(where the gas phase evaporates the trapped brine). In our case, the collision of the two fronts occurs after forty 
hours of brine injection only (see the two distinct fronts after fourteen hours on Figure 2). 
Table 2: Input parameters for the base case characteristic curves 
Van Genuchten m (capillary pressure and relative permeabilities, both drainage and wetting) 0.457 
Van Genuchten P0 (or 1/) (Pa) 105
Minimum saturation for Van Genuchten capillary pressure model Slmin=0.149 
Residual liquid saturation (for Lenhard and Parker’s relative permeability model) Slr =0.150 
Maximum residual gaseous saturation for Lenhard and Parker’s relative permeability model Sgrmax =0.2 
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Figure 2: Gas saturation and residual gas saturation after fourteen hours of brine injection (dashed line) and four months of brine injection (solid 
line) following one year of CO2 injection. Regions (1) to (5) refer to the 4 months situation. 
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Figure 3: Mass fraction balance as a function of the duration of brine injection (solid line) and of relaxation (dashed line) both following one year 
of CO2 injection 
Figure 3 shows the mass fraction balance for both cases (relaxation and injection) as a function of the duration of 
brine injection. After one year of CO2 injection, 68 % of the injected mass of CO2 is still supercritical while 32 % 
has been dissolved; the plume extent is about 920 m from the injection point. Based on the gas saturation reached at 
this time and our parameters defined in table 2 we apply Land’s model [20] to compute the least mass fraction of 
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gaseous CO2 that will remain immobile. We find out that 43% of the CO2 can be considered as trapped gas and 25% 
as free gas. By “trapped gas” we name either the quantity of CO2 effectively remaining in the pores when the 
residual gas saturation has been reached, or, when it has not, the smallest quantity of CO2 that will remain immobile 
in that pores if wetting occurs. Concerning the relaxation, after one year of storage, 23 % of the CO2 is still in free 
gaseous phase and the plume of free CO2 stretches from the well to a distance of about 990 m. It is worth noticing 
that during this relaxation stage, the mass fraction of free gas has slowly diminished due to the dissolution. 
Concerning brine injection, after less than 9.1 months, there is no more free gaseous CO2; all has been trapped 
(either by capillarity or dissolved). The solubility and the capillary trapping are both enhanced by brine injection 
(see Figure 3). We also notice a decrease of the trapped gaseous CO2 after 9.1 months of injection, explained by the 
dissolution of immobile CO2, which leads to a gaseous saturation inferior to the residual one. All things considered, 
injecting brine as a corrective measure subsequently to the CO2 injection leads to the rapid trapping of the free 
gaseous CO2 that is either immobilized or dissolved. Therefore, it quickly prevents the risk of leakage of gaseous 
CO2 whereas the simple relaxation does not. 
5. Sensitivity analysis : impacts of input parameters on the efficiency of the measure 
5.1. Brine injection rate 
The influence of brine injection rate on the residual trapping is evaluated: the same simulations as above are run 
with rates of 10 kg.s-1 (around 36 m3.h-1), 30 kg.s-1 (around 108 m3.h-1) and 50 kg.s-1 (around 180 m3.h-1). As one can 
see in Table 3, the trapping rate is logically improved with higher flow rates, because the brine injection has swept a 
larger volume at a given time. The velocities of the brine advancement front and of the trailing boundary of this 
plume are higher (Figure 4). The CO2 is therefore immobilized in a fastest way. We can also point out the faster 
velocity of the CO2 advancing front due to the increased pressure build-up; however the differences among the 
different brine injection rates on this point are not that significant. 
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Figure 4: Gas saturation as a function of the distance to the well after four months of brine injection and for several brine injection rates (denoted 
q); the dotted lines represent the advancing brine front (transition between the regions (3) and (4) in Figure 2) 
5.2. Maximum gas residual saturation and liquid residual saturation 
In this section, we chose to vary the liquid residual saturation (Slr) and the maximum residual gas saturation 
(Sgrmax). Bachu and Bennion [33] gave range of values (for the liquid and residual gas saturation) resulting from 
measurements on rock samples of Wabamun Lake area, Alberta, Canada: the residual gas saturation would range 
between 0.1 and 0.35 with an average of 0.225. The residual liquid saturation values would widely exceed 0.5. 
Then, simulations were run with two additional values for each of the residual saturations: 0.1 and 0.35 for the 
maximum residual gas saturation and 0.3 and 0.5 for the liquid one. 
Table 3 shows that a higher maximum residual gas saturation leads to higher trapping rates; this is directly due to 
the fact that, at the same saturation, higher Sgrmax leads to higher Sgr i.e. higher trapped gas saturation. Furthermore, 
the raise of immobile CO2 in the pores leads to an increase of the liquid flow velocity, thus enhancing the trapping 
rate: the advancing brine front has been faster for higher Sgrmax.
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Table 3 points out that the higher Slr, the higher trapping rates. This is due to the fact that the Sgr curve depends 
on the residual liquid saturation value Slr.: for a similar turning point liquid saturation, Sgr will be higher if Slr is 
larger. More CO2 is then trapped and it leads to an increased velocity of the advancing brine front in the same way 
than above. Changing the value of Slr has also an effect on the extent of the CO2 advancing front, which was not 
observed when dealing with Sgr. This can be explained by the fact that relative permeabilities curves for drainage 
vary with Slr while they do not with Sgr.
Table 3: Required time for a complete trapping of CO2 for various brine injection rates, maximal residual gas and liquid saturations 
Brine injection rate (kg/s) q=10 q=20 (base case) q=30 q=50 
Time of complete trapping >1 year (7.8 % is still free after one year) 9.1 months 6.3 months 4.6 months 
Residual gas saturation Sgr max =0.1 Sgr max =0.2 (base case) Sgr max =0.35 
Time of complete trapping >1 year (9.8 % is still free after one year) 9.1 months 5.1 months 
Residual liquid saturation Slr = 0.15 (base case) Slr = 0.3 Slr = 0.5 
Time of complete trapping 9.1 months 7.4 months 4.6 months 
6. Limitations of the corrective measure: impacts of the pressure build-up 
An exhaustive feasibility study of the corrective measure presented here is beyond the scope of this work. 
However, injecting brine is not without consequences especially concerning the pressures resulting from this 
injection. A brief evaluation of brine injection in terms of hydraulic (regional flow modifications) and mechanic 
(risk of fracturing) risks seems therefore essential at least to ensure the relevance of the injection rates simulated. 
We model only the storage aquifer and we then study the impacts occurring within this formation; one can 
imagine that it supplies freshwater up-dip and that this resource could be impacted by changes in water table and in 
water quality (migration of brine). For a CO2 injection at a given rate, the hydrological impacts at a regional scale 
mainly depend on the injection duration. Since the total CO2 injection and then the brine one have comparable 
volumetric flow rates and much shorter duration than the initially planned CO2 injection, these impacts will be lower 
as well. 
Concerning the potential caprock fracturing (considering the tensile failure mechanism) resulting from the 
overpressure induced by the injection operations, we adopt here a preliminary approach based on a simplified poro-
elastic model. Please note that for a more complete study, a fully coupled hydro-geomechanical model should be 
used (e.g. [34], [35]). 
Assuming an idealized geometry, i.e. a thin reservoir (in comparison with its extension) enduring a constant and 
vertical stress, it is possible to estimate the change in minimum effective stress h
'  due to the injection-induced 
change in pressure P  (e.g. [34]):  Ph  )1(
'   (2), where   is Poisson’s ratio generally ranging 
from 0.2 to 0.3 for sedimentary rocks. We define the maximum sustainable overpressure as the maximum 
overpressure that will not lead to the tensile failure of the caprock corresponding to a nil horizontal effective stress 
after injection (assuming a nil tensile strength). 
Assuming an initial pore pressure of 120 bars and an initial stress state corresponding to the ratio between the 
horizontal and the vertical total stress of 65 % (as measured in the Paris basin case, see [35]), the critical threshold 
reaches nearly 22 MPa. The pressure levels are represented on Figure 5 for various intervention strategies (the brine 
flow rate has been changed). We make sure that the overpressure simulated in the base case is below the critical 
threshold. Injecting less water increases the safety margin in terms of geo-mechanical risks but it increases the time 
necessary for a complete CO2 trapping as well: a compromise will then be necessary. We may also notice than 
characteristic curves parameters impact the sensitivity to tensile fracture: the higher Slr and Sgrmax, the higher 
pressure levels, which is explained by the variation of the immobile gaseous CO2 quantity obstructing in a higher or 
lower way the sweeping brine flow. 
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7. Discussion, conclusions and perspectives 
In this article, we propose a corrective measure that could be applied in the case of abnormal behavior that might 
lead to the escape of the gaseous CO2 outside of the storage reservoir. It consists in stopping the CO2 injection and 
injecting brine in order to trap the CO2 by dissolution and above all by capillarity. This could be carried out, prior to 
the implementation of other remediation measures or to the abandonment of the site in order to ensure its safety. 
We assessed the efficiency of the measure for various brine injection rates and different properties of the storage 
aquifer. For most of the considered generic cases (with key parameters representative of expected on-site 
conditions), less than one year of brine injection is sufficient to immobilize and dissolve all the gas that had been 
injected during one year whereas a significant plume of free gaseous CO2 still exists when nothing is done. Thus it 
seems to be an interesting tool from a risk management point of view. 
The combined effects of gravity and groundwater natural flow should be investigated; since these natural 
phenomena are expected to enhance the wetting of the gas plume, comparing them to the presently proposed man-
made corrective measure is likely to be of interest. This will require using 2D or 3D models depending on the 
phenomena taken into account. A 3D model would also allow the considerations of fingering and channeling effects 
that take place in a realistic heterogeneous reservoir. The result might be different especially if the less mobile 
injected brine does not flow through the same paths than the supercritical CO2.
From a practical point of view, brine requires to be produced and transported prior to its injection, hence 
implying additional costs (energy and financial). According to Qi et al. [12], these expenses are not significant 
compared to the whole costs of CCS operations. However, in our case, brine injection is not a part of the CO2
injection strategy but is an emergency measure that can be done in the case of abnormal behavior. It means that no 
well will be drilled exclusively for this purpose and brine will have to be found in a relatively short time and in large 
quantities. Solutions to this problem will have to be foreseen and integrated into the corrective measures plan. 
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